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Chapter 1. Introduction 
1-1. Preface 
 Force generated by a muscle is affected by its contractile history. For example, 
muscle fatigue induced by muscle contraction affects the subsequent muscle contraction, 
which decreases the force-generating capability (Gandevia et al. 1995, Enoka and 
Duchateau 2008). In contrast, postactivation potentiation (PAP) (Vandervoort et al. 1983, 
Sale 2002) induced by muscle contraction has an opposite effect (Rassier and 
MacIntosh 2000b, Behm 2004a). In concrete terms, twitch torque elicited by the 
electrical stimulation increases after a high-intensity contraction. This phenomenon is 
called PAP, and a contraction for inducing PAP is called a conditioning contraction 
(Babault et al. 2008, Tillin and Bishop 2009) (Figure 1-1). 
 Recently, it has been shown that the maximal voluntary concentric torque or 
power attained during the maximal voluntary concentric contraction can be increased by 
the conditioning contraction (Baudry and Duchateau 2007, Miyamoto et al. 2011), 
suggesting that the conditioning contraction is effective on not only twitch but also the 
maximal voluntary contractions. Therefore, there is a possibility that sport performances 
such as jump and sprint can be improved by a conditioning contraction. Indeed, some 
studies reported the increase in jump height after a conditioning contraction (Kilduff et 
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al. 2008, Weber et al. 2008). 
 However, some studies reported that a conditioning contraction had no 
potentiation effect on the subsequent electrically-evoked maximal isometric force 
(Vandenboom et al. 1993) (Figure 1-2), peak joint angular velocity attained during the 
maximal voluntary concentric contraction at a given load (Gossen and Sale 2000) and 
jump height (Jensen and Ebben 2003, Khamoui et al. 2009). This discrepancy among 
previous studies may be attributable to the difference in the mode of contraction used 
for examining the effect of conditioning contraction, or to the protocol of the 
conditioning contraction. For instance, the contraction type for examining the effect of 
conditioning contraction (isometric v.s. concentric contractions) was different between 
previous studies (Vandenboom et al. 1993, Baudry and Duchateau 2007), which may 
affect the extent of potentiation effect induced by conditioning contraction (Babault et al. 
2008). Furthermore, although the protocol of conditioning contraction (i.e., duration and 
intensity) affects the extent of increase in twitch torque (Vandervoort et al. 1983), effect 
of these parameters on the increase in the maximal voluntary torque has not been 
examined. Therefore, the main purpose of this thesis was to examine the influence of 
the aforementioned factors on the increase in the maximal voluntary torque. 
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1-2. Terminology 
(1) Definition of postactivation potentiation (PAP) 
 The phenomenon of the change in twitch tension response induced by a 
conditioning contraction is termed separately according to the mode of the conditioning 
contraction. When the increase in twitch tension response is induced by tetanic 
contraction evoked by electrical stimulation, this phenomenon is called posttetanic 
potentiation (Grange et al. 1993, O'Leary et al. 1997). On the other hand, when the 
increase in twitch tension response is induced by voluntary contraction, this 
phenomenon is called postactivation potentioation (PAP) (Tillin and Bishop 2009, 
MacIntosh 2010). Furthermore, when a series of twitch contractions is evoked in 
succession, each twitch contraction affects the next twitch tension response. As a result, 
twitch tension response increases gradually. This phenomenon is called staircase 
phenomenon (MacIntosh 1991, MacIntosh et al. 1993). Although different terms have 
been used to describe the three conditions described above, the mechanism of the 
increase in twitch tension response is the same, i.e., conditioning contraction induces 
myosin regulatory light chain phosphorylation (MLCP) and thereby increasing twitch 
tension response (Sale 2002, MacIntosh 2010). Therefore, in this thesis, the term “PAP” 
is used to represent the increase in twitch tension response induced by a conditioning 
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contraction, regardless of the difference in the conditioning contractions for simplicity. 
 
(2) Twitch tension response of a muscle induced by conditioning contraction 
 Some studies investigating the phenomenon of PAP have used an isolated 
muscle, and as a result, have measured force as an index of twitch tension response of a 
muscle (Vandenboom et al. 1993, MacIntosh et al. 2008). Other studies adopted human 
joint performance and measured joint torque as a measure of muscle force (Hicks et al. 
1991, Shima et al. 2006). In this thesis, the changes in force or torque induced by a 
conditioning contraction are regarded as comparable phenomena, that is, increases in 
both force and torque are caused by the increase in force-generating capability of the 
muscle or muscle groups which is induced by conditioning contraction. 
 
(3)Effect of conditioning contraction 
 A conditioning contraction has two effects on the subsequent contraction. The 
positive effect of the conditioning contraction is MLCP that increases the 
force-generating capability of muscle fibers (Sweeney et al. 1993, Grange et al. 1993). 
The negative effect of the conditioning contraction is muscle fatigue which decreases 
the force-generating capability of muscle fibers (Gandevia et al. 1995, Enoka and 
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Duchateau 2008). In this thesis, the term of "effect of the conditioning contraction" 
includes both positive and negative effects of the conditioning contraction. When 
positive or negative effects of a conditioning contraction are mentioned separately, these 
terms are left unabbreviated. 
 
(4) Contraction used for examining the effect of conditioning contraction 
 In this thesis, two different types of contractions are mentioned. One is the 
conditioning contraction used for inducing PAP, and the other is a set of contractions 
conducted before and after the conditioning contraction to examine the effect of 
conditioning contraction. The term "test contraction" is used hereafter to represent the 
latter. 
 
(5) Contraction intensity 
 Contraction intensity is expressed in different terms among previous studies 
depending on the measurement used to control the contraction intensity. For example, 
when the contraction intensity is modulated by Ca
2+
, contraction intensity is expressed 
by the amount of Ca
2+
 concentration (Stephenson and Williams 1981, Galler and 
Rathmayer 1992, Maughan et al. 1995) (Figure 1-3). On the other hand, when 
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contraction intensity is modulated by electrical stimulation, contraction intensity is 
expressed by the level of stimulation frequency (Thomas et al. 1991, Mrówczyński et al. 
2006) (Figure 1-4). In this thesis, contraction intensity is described as the relative 
intensity with respect to the maximal-intensity contraction, and the latter is assumed to 
be elicited by sufficiently high Ca
2+
 concentration and/or sufficiently high-frequency 
stimulation. For example, a low-intensity contraction indicates the state in which the 
Ca
2+
 concentration or stimulation frequency is not sufficient to evoke the maximal force 
or torque, while the maximal-intensity contraction refers to the state in which further 
increase in force or torque is not confirmed even if the Ca
2+
 concentration or stimulation 
frequency increases. Generally, the maximal voluntary contraction is considered to be 
the maximal-intensity contraction. However, the capacity of the human nervous system 
to activate available motor neurons can be limited in some cases (Clark and Taylor 
2011). In other words, Ca
2+
 concentration or stimulation frequency is not necessarily 
sufficient to evoke the maximal-intensity contraction in the case of maximal "voluntary" 
contraction. Hence the "maximal voluntary" contraction does not necessarily mean 
"maximal-intensity" contraction. 
 
1-3. Literature review 
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 In this section, the mechanism of PAP is described first. Next, factors that 
affect the extent of increase in force or torque induced by conditioning contraction are 
summarized. Finally, the literature review is concluded regarding whether a 
conditioning contraction increases force or torque attained during high-intensity test 
contraction or not is addressed. 
 
1-3-1. Mechanism of postactivation potentiation (PAP) 
 A twitch force generated by an isolated muscle fibers increases after a tetanic 
contraction of the same muscle (Manning and Stull 1982, Moore et al. 1985). This 
phenomenon is called posttetanic potentiation (Tubman et al. 1996, Abbate et al. 2000). 
A similar phenomenon is observed in vivo, where the twitch torque elicited after a 
high-intensity voluntary contraction increases (Vandervoort et al. 1983, Sale 2002, 
Robbins 2005). Furthermore, the increase in twitch force is confirmed by evoking 
twitch contractions continuously (Close and Hoh 1968, Krarup 1981). This phenomenon 
is called as a staircase phenomenon (MacIntosh et al. 1993, Rassier and MacIntosh 
2000a). The preceding contraction for inducing PAP is referred to as a conditioning 
contraction (Baudry and Duchateau 2004, Tillin and Bishop 2009). 
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 The underlying mechanism of PAP is considered to be the MLCP. Previous 
studies simultaneously monitored time-course changes in twitch force and the extent of 
MLCP before and after the conditioning contraction (Moore and Stull 1984, 
Vandenboom et al. 1995), and found that these parameters changed in a similar fashion 
(Figure 1-5). In addition, Zhi et al. (2005) reported that myosin light chain kinase 
knockout mice did not show an increase in twitch force after the conditioning 
contraction. Therefore, MLCP is considered as a primary factor for the increase in 
twitch force or torque induced by conditioning contraction. The details of the cascade in 
the increase in twitch force or torque induced by conditioning contraction are described 
below. Once muscles are activated by conditioning contraction, Ca
2+
 is released from 
the sarcoplasmic reticulum, which activates calmodulin that, in turn,  activates the 
myosin light chain kinase (Nairn and Perry 1979). Consequently, the myosin light chain 
is phosphorylated by the activated myosin light chain kinase (Grange et al. 1993). 
MLCP has a role for increasing the sensitivity to Ca
2+
, which leads to an increase in 
muscle force at a given amount of Ca
2+
 concentration due to the increased number of 
attached cross bridges (Manning and Stull 1982, Sweeney et al. 1993). Based on this 
mechanism, the extent of increase in twitch force or torque induced by the conditioning 
contraction should decay as the intensity of the test contraction increases, and 
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consequently, Ca
2+
 concentration becomes higher. This is because almost all cross 
bridges are already attached to the actin filament without MLCP (Sweeney et al. 1993). 
Indeed, the extent of increase in twitch force induced by MLCP was much smaller when 
Ca
2+
 concentration was higher (Persechini et al. 1985) (Figure 1-6). 
 
1-3-2. Factors that affect the extent of increase in torque induced by conditioning 
contraction 
 The extent of increase in twitch force or torque induced by conditioning 
contraction is affected by various factors. In this section, the following factors are 
discussed; (1) those factors related to conditioning contraction, and (2) those factors 
related to the contraction for examining the effect of conditioning contraction, that is, a 
test contraction. 
 
Factors related to the conditioning contraction 
 The intensity and duration of a conditioning contraction have an influence on 
the extent of increase in twitch torque. Vandervoort et al. (1983) reported that the 
intensity of over 75% of the maximal voluntary contraction was needed to obtain 
substantial effect of MLCP. This result would be explained by the fiber type dependence 
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of the effect of MLCP and recruitment of muscle fibers. According to the size principle 
(Henneman et al. 1965), the muscle fibers are recruited in the order of slow- to 
fast-twitch fibers. In addition, the extent of increase in twitch force induced by the 
conditioning contraction was much smaller in slow- than in fast-twitch fibers (Moore 
and Stull 1984). Therefore, to obtain a large amount of increase in torque induced by the 
conditioning contraction, a high intensity conditioning contraction is required to recruit 
as many muscle fibers as possible. 
 In addition, the duration of conditioning contraction affects the extent of 
increase in twitch torque. Vandervoort et al. (1983) reported that conditioning 
contraction of 10 seconds duration was needed to obtain a marked increase in twitch 
torque. In addition, Mettler et al. (2010) reported that, with an increase in the number of 
stimulation pulses applied during the conditioning contraction, the extent of increase in 
twitch torque increased. Therefore, a sufficiently long-lasted (about 10 seconds) 
conditioning contraction is needed to obtain a marked increase in twitch torque that 
follows. 
 However, high-intensity and long-duration contractions have not only a 
positive effect (MLCP), but also a negative effect (muscle fatigue) on the subsequent 
contraction. Muscle fatigue decreases the force-generating capability (Bigland-Ritchie 
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et al. 1984, Westerblad and Allen 2002), which may cancel out the positive effect of 
MLCP (Hamada et al. 2003, Behm et al. 2004b). Specifically, Vandervoort et al. (1983) 
showed that, with increasing the duration of conditioning contraction (over 60 seconds), 
the extent of increase in twitch torque decreased. This result should stem from the 
muscle fatigue induced by conditioning contraction for a long duration. Therefore, to 
maximize the extent of increase in torque induced by the conditioning contraction, it is 
necessary to select a conditioning contraction with the optimal intensity and duration in 
which muscle fatigue can be minimized. 
 
Factors related to the test contraction 
 The extent of increase in force or torque is also affected by the type of test 
contraction. First, intensity of the test contraction influences the increase in force or 
torque induced by conditioning contraction. Palmer and Moore (1989) reported that as 
the Ca
2+
 concentration during the test contraction increased, the extent of increase in 
force induced by the conditioning contraction decreased. Furthermore, MacIntosh and 
Willis (2000) reported that the extent of increase in force by the conditioning 
contraction was larger in the condition when the contraction intensity was lower (Figure 
1-7). These results can be explained by the relationship between Ca
2+
 sensitivity and the 
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effect of MLCP. In brief, Ca
2+
 concentration is high when the contraction intensity is 
high (Stephenson and Williams 1981, Maughan et al. 1995). In addition, the effect of 
MLCP would be small when the intensity of the test contraction is sufficiently high 
(Sweeney et al. 1993, Sale 2002). Taken together, the effect of MLCP should be smaller 
when the intensity of test contraction is higher. This concept is described by MacIntosh 
(2010) (Figure 1-8, 1-9). 
 
1-3-3. Influence of conditioning contraction on the torque attained during a 
high-intensity test contraction 
 As described above, the effect of MLCP is dependent on the intensity of the 
test contraction (MacIntosh and Willis 2000). Thus, it has been generally accepted that 
the force or torque attained during high-intensity contraction is not increased by 
conditioning contraction. In addition, a conditioning contraction had no effect on the 
maximal shortening velocity (Stuart et al. 1988). Based on these results, a conditioning 
contraction is considered to have no effect on the two extremes of the force-velocity 
relationship, i.e., maximal shortening velocity and maximal isometric force 
(Figure1-10). However, because the conditioning contraction has an effect to increase 
the rate of force development at any contraction intensities (Vandenboom et al. 1993), 
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Sale (2002) suggested in his review that a conditioning contraction can shift the 
force-velocity relationship upward and rightward (Figure 1-10). Indeed, Baudry and 
Duchateau (2007) examined whether a conditioning contraction shifts force-velocity 
relationship, and found that force-velocity relationship was shifted upward and 
rightward by the conditioning contraction. In addition, Miyamoto et al. (2011) 
confirmed that torque at a given joint angular velocity after the conditioning contraction 
increased by the conditioning contraction indicating that force-velocity relationship 
changed as well as the result of Baudry and Duchateau (2007). However, the 
mechanism of the increase in torque attained during a high-intensity contraction has not 
been elucidated. 
 The above results reporting the increase in torque attained during high-intensity 
contraction suggest that a conditioning contraction can enhance sport performances such 
as jump and sprint. Mitchell and Sale (2011) examined the effect of high-intensity squat 
exercises as a conditioning contraction on the subsequent counter movement jump 
height. As a result, the counter movement jump height increased after squat exercises. In 
addition, Saez Saez de Villarreal et al. (2007) also reported that counter movement jump 
height increased after high-intensity squat exercises. However, some studies reported 
inconsistent results. Hanson et al. (2007) reported no change in counter movement jump 
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height after squat exercises, and Chiu et al. (2003) reported that squat jump height did 
not increase after high-intensity squat exercises. These inconsistencies would be due to 
difference in the protocols of conditioning contraction among the studies. Because the 
extent of increase in twitch torque induced by conditioning contraction is affected by 
the duration and intensity of the conditioning contraction (Vandervoort et al. 1983), 
these parameters should be controlled in the case of studies examining the effect of 
conditioning contraction on the subsequent sport performances. However, the influence 
of the duration and intensity of the conditioning contraction on the subsequent 
high-intensity contraction has not been examined. 
 
1-4. Purpose 
 The main purpose of this thesis was to examine whether the torque attained 
during the maximal voluntary contraction can be increased by the conditioning 
contraction, and if so, to examine an optimal condition to increase the torque attained 
during the maximal voluntary contraction. To this end, firstly, the influence of the 
muscle shortening velocity during the test contraction on the increase in torque induced 
by the conditioning contraction was examined (Chapter 2). Secondly, the influences of 
the duration and intensity of conditioning contraction on the increase in the maximal 
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voluntary concentric torque were examined (Chapter 3). The outline of each chapter is 
described below. 
 In Chapter 2, to clarify which type of contraction is sensitive to the effect of 
MLCP induced by conditioning contraction, the influence of the shortening velocity of 
the muscle fibers during the test contraction (Chapter 2-1; twitch contraction, Chapter 
2-2; the maximal voluntary concentric contraction) on the increase in torque was 
examined. 
 In Chapter 3, the influence of duration (Chapter 3-1) and intensity (Chapter 
3-2) of the conditioning contraction on the subsequent maximal voluntary concentric 
torque were examined to establish the optimal protocol of the conditioning contraction. 
 In Chapter 4, first, the optimal condition to increase the torque in the case of 
maximal voluntary contraction was discussed. Second, applicability of the conditioning 
contraction to the sport performances was discussed. 
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Figure 1-1. Typical example of postactivation potentiation. Pre; Before the conditioning 
contraction. Post; After the conditioning contraction. 
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Figure 1-2. Force recorded from individual mouse extensor digitorum longus for 300 ms 
at 150 Hz collected 1 minute before (dotted trace) and 20 seconds after (solid trace) a 5 
Hz-20 seconds conditioning stimulus. Data from Vandenboom et al. (1993). 
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Figure 1-3. Force-pCa (Ca
2+
 concentration) relationship of fibers belonging to three 
different types, isolated from same muscle preparation. Force were normalized for 
maximal forces of the individual fibres. Data from Galler and Rathmayer (1992). 
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Figure 1-4. Force-frequency relationship of fast fatigable motor units. Data from 
Mrówczyński et al. (2006).  
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Figure 1-5. Changes in myosin regulatory light chain (R-LC) phosphate content (▲), 
twitch force development (Pt, ●), and maximal rate of twitch force development (twitch 
+ dF/dtmax, ○) up to 360 s after application of single 5-Hz 20-seconds conditioning 
stimulus. Data from Vandenboom et al. (1995). 
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Figure 1-6. The effect of myosin light chain kinase on isometric fiber tension measured 
at a free Ca
2+
 concentration of 0.67 or 10 μM. Isometric tension measured before (P) 
and after (P') addition of calmodulin and myosin light chain kinase directly to the fiber. 
Pmax, tension measured at a free Ca
2+
 concentration of 10 μM in the presence of 
myosin light chain kinase. Data from Persechini et al. (1985). 
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Figure 1-7. Relative potentiation for doublet and quintuplet contractions is shown. vs. 
peak active force expressed as %maximum (determined from largest tetanic contraction, 
200 or 250 Hz for 250 ms). Clearly, there is a relation between extent of potentiation 
and percentage of the initial maximum tetanic force attained with a given train and 
frequency pattern of stimulation. Data from MacIntosh and Willis (2000). 
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Figure 1-8. Force-pCa
2+
 relationship. The relationship between Ca
2+
 concentration, 
expressed here as the negative log of [Ca
2+
], is shown for a control condition (solid line) 
and after myosin regulatory light chain phosphorylation. Phosphorylation of the myosin 
regulatory light chain results in an increase in Ca
2+
 sensitivity, indicated as a shift to the 
left. The vertical arrows indicate the increase in active force at two Ca
2+
 concentrations. 
Although the absolute increase is similar at the two spots on the graph, the relative 
increase is much greater at the low Ca
2+
. Data from MacIntosh (2010). 
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Figure 1-9. Force-frequency relationship and activity dependent potentiation. The 
force-frequency relationship is shown for the control condition, no prior activation 
(solid line) and the potentiated condition, representing what would be expected if the 
entire force-frequency relationship could be evaluated after single conditioning 
contraction (dashed line). Observed potentiation is typically less due to fatigue, but 
there is still a relatively greater effect of activity on enhancement of active force at 
lower frequencies. Data from MacIntosh (2010). 
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Figure 1-10. Hypothesized effect of a conditioning contraction on the load 
(force)-velocity relation. A conditioning contraction cannot increase maximum 
isometric force (P0) or maximum shortening velocity (Vmax). In contrast, a 
conditioning contraction can increase rate of force development at high frequency, an 
effect that may increase the acceleration and hence velocity attained with loads 
intermediate between the extremes of P0 and Vmax. If this were to occur, the 
load-velocity relation would become less concave, i.e., shifted upward and to the right. 
Data from Sale (2002).   
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Chapter 2. Influence of muscle fiber shortening velocity during a test contraction 
on the extent of increase in torque 
 
2-1. Influence of the shortening velocity of muscle fibers during a twitch 
contraction 
2-1-1. Introduction 
 Babault et al. (2008) found that the increase in twitch torque by a conditioning 
contraction was larger under passive shortening than under isometric or passive 
lengthening conditions. Based on this finding, they suggested that a conditioning 
contraction is more effective for concentric than for eccentric contractions. However, 
they did not directly measure the behavior of muscle fibers. Previous studies have 
shown that changes in joint angle does not necessarily match the changes in muscle 
fiber length because of interaction with the tendon (Fukashiro et al. 1995, Ichinose et al. 
2000). Thus, to clarify the influence of the shortening velocity of muscle fibers on the 
extent of PAP, direct measurement of the behavior of muscle fibers during twitch 
contractions is necessary. Therefore, the purpose of this study was to examine the 
influence of the shortening velocity of muscle fibers during twitch contractions on the 
extent of PAP, by directly measuring fascicle behavior. 
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2-1-2. Methods 
Subjects 
 Fifteen healthy subjects (age: 24.7 ± 2.1 years, height: 1.73 ± 0.04 m, body 
mass: 67.1 ± 5.7 kg, means ± SDs) were recruited for this study. Each subject provided 
written informed consent prior to participation in this study. This study was approved by 
the Ethics Committee on Human Research of Waseda University. During the experiment, 
the subjects did not ingest caffeine. 
 
Experimental design 
 Target muscles for this investigation were plantar flexors. To examine the 
influence of the shortening velocity of muscle fibers on the extent of PAP, different 
fascicle velocities were implemented under three conditions, that is, isometric (Isom), 
passive shortening (Pas-S), and passive lengthening (Pas-L) conditions. In Isom, a 
twitch contraction was elicited with the ankle joint angle fixed at 0 deg (anatomical 
position). In Pas-S, a twitch contraction was elicited when the ankle joint angle changed 
from dorsiflexion to plantar flexion. In Pas-L, a twitch contraction was elicited when the 
ankle joint angle changed from the plantar flexion to dorsiflexion. In all trials, timing of 
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electrical stimulation was controlled to obtain peak torque during twitch contractions at 
0 deg. 
 After twitch contraction was elicited, the maximal voluntary isometric plantar 
flexion was performed for six seconds as a conditioning contraction. The contraction 
intensity and duration of the conditioning contraction were identical for the three 
conditions. Ten seconds after completing the conditioning contraction, a twitch 
contraction was elicited again to calculate the relative change in twitch torque (i.e., the 
extent of PAP). Each condition was performed randomly, and was separated more than 
10 minutes to avoid any influence of PAP induced by the conditioning contraction. 
 
Experimental setup 
 Subjects were positioned on an isokinetic dynamometer (CON-TREX, CMV 
AG, Switzerland) with the right knee and hip joints fully extended, and the right foot 
fixed to the dynamometer’s footplate. The right thigh was fixed to the dynamometer’s 
bench with a non-elastic strap. The center of rotation of the footplate was visually 
aligned with the center of the subject’s ankle joint. The anatomical position of the ankle 
joint was defined as 0 deg. The range of motion of the ankle joint during passive 
movement was set from -20 deg (dorsiflexion) to 30 deg (plantar flexion). The angular 
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velocity of the passive movement was set at 120 deg/s during Pas-S and at -120 deg/s 
during Pas-L.  
 Surface electromyographic (EMG) signals were obtained from electrodes 
placed on muscle bellies of the medial gastrocnemius (MG), lateral gastrocnemius (LG) 
and tibialis anterior (TA) of the right leg, as well as from an electrode on the medial 
aspect, relative to the Achilles tendon for the soleus (SOL). Pre-amplified bipolar 
electrodes (1 × 10 mm each; DE-2.1, Delsys, Boston, MA, USA) were placed on the 
skin over each muscle’s belly with an inter-electrode distance of 10 mm. The range of 
band-pass filter was set at 20-450 Hz, and the gain of each channel was set at 1,000 
(Bagnoli 8 EMG System, Delsys). The reference electrode was placed over the left 
lateral malleolus. EMG and torque data were recorded simultaneously using a 16-bit 
analog-to-digital converter (Power-lab/16SP, ADInstrument, Australia) at a sampling 
frequency of 4 kHz. 
 The posterior tibial nerve was stimulated percutaneously to evoke a twitch 
contraction of plantar flexors with a single stimulation pulse. A cathode (11 mm in 
diameter) was placed over the popliteal fossa, and an anode (40 × 50 mm) was placed 
over the ventral aspect of the thigh near the patella. Single rectangular pulses of 500 μs 
were delivered from a high-voltage stimulator (SEN-3301, Nihon Kohden, Tokyo, 
 30 / 121 
 
Japan) with an isolator (SS-1963, Nihon Kohden). The stimulus intensity for each 
subject was determined prior to the experiment by increasing the voltage until the 
corresponding isometric twitch torque at 0 deg reached a plateau, and an intensity of 
20% above it was adopted for all trials. 
 To control the timing of the electrical stimulation during Pas-S and Pas-L, the 
signal of the ankle joint angle was recorded with programming software at a sampling 
frequency of 4 kHz (Labview, National Instruments, Austin, TX, USA). The timing of 
electrical stimulations was adjusted for each subject to match the timing of the 
occurrence of the peak torque during twitch contractions. The peak torque during a 
twitch contraction was confirmed to occur at 0 deg in all trials. The positions of the 
ankle joint when the peak torque occurred were 0.7 ± 0.5 deg and 0.5 ± 0.3 deg (before 
and after conditioning contraction, respectively) during isometric, 0.3 ± 0.8 deg and 1.6 
± 0.9 deg (before and after conditioning contraction, respectively) during Pas-S and 0.2 
± 0.8 deg and 2.0 ± 1.5 deg (before and after conditioning contraction, respectively) 
during Pas-L. 
 The fascicle length of MG was recorded during the twitch contraction using an 
ultrasonography (SSD-6500, Aloka, Tokyo, Japan) with a linear-probe array (7.5 MHz, 
Aloka, Tokyo, Japan). The ultrasonographic image was recorded at a sampling 
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frequency of 96 Hz. The fascicle length was measured as the distance from the 
intersection of superficial aponeurosis and a fascicle to the intersection of the deep 
aponeurosis and the fascicle using Image J (National Institutes of Health, MD, USA). 
 
Measurements 
 The peak torque and the peak-to-peak amplitude of the M-wave during twitch 
contractions were determined as the twitch torque and M-wave values, respectively. The 
relative change of these values were calculated by using the following equation, i.e., 
Relative change (%) = (value recorded after the conditioning contraction / value 
recorded before the conditioning contraction) × 100. 
 The fascicle shortening velocity during the twitch contraction was calculated 
by dividing the fascicle shortening distance from the onset of torque development to 
occurrence of the peak torque by the time required (Figure 2-1-1). In addition, the mean 
fascicle length over the same interval was also calculated. 
 During conditioning contractions, the mean torque output and root mean square 
values of the EMG signals (RMSEMG) were calculated to confirm whether the intensity 
of the conditioning contractions was comparable under the three conditions. The 
duration of these measurements was 0.5 seconds at the interval when the maximal 
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voluntary isometric plantar flexion torque was stabilized during the conditioning 
contraction. 
 
Statistics 
 Descriptive data are presented as means ± SDs. One-way analysis of variance 
(ANOVA) with repeated measures was used to test differences in the relative change in 
twitch torque (i.e., the extent of PAP), relative change in M-wave amplitude, fascicle 
shortening velocity and mean fascicle length under the three conditions (Isom, Pas-S, 
and Pas-L). If there was a significant main effect, a post-hoc test with Bonferroni 
correction was used. In addition, one-way ANOVA with repeated measures was used to 
compare mean torque output and RMSEMG signals during the conditioning contraction 
under the three conditions. The significance was set at the p < 0.05 level. 
 
2-1-3. Results 
 Figure 2-1-2 shows the significant main effect in the extent of PAP (F value = 
50.501, p < 0.001). Additional analysis showed that the extent of PAP in Isom was 
significantly smaller than that in Pas-S, and significantly larger than that in Pas-L (p < 
0.05). 
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 There were no significant differences in the relative change in M-wave 
amplitudes of any of the muscles (F value = 0.006-0.419, p = 0.662-0.994; Table 2-1-1). 
There was a significant main effect in the fascicle shortening velocity of MG during 
twitch contractions (F value = 50.056, p < 0.001; Figure 2-1-3). The fascicle shortening 
velocity in Isom was significantly smaller than that in Pas-S, and significantly larger 
than that in Pas-L (p < 0.05). 
 The mean fascicle length of MG during twitch contractions elicited before the 
conditioning contraction was 52.6 ± 7.0 mm in Pas-L, 58.8 ± 6.6 mm in Isom and 65.5 
± 8.3 mm in Pas-S. A significant main effect was found (F value = 39.128, p < 0.001), 
and additional analysis showed that the mean fascicle length was significantly shorter in 
Pas-L than in Pas-S (p < 0.05; Table 2-1-3). 
 Regarding the mean torque output and RMSEMG signals during conditioning 
contractions, there were no significant main effects (F value = 0.085-1.955, p = 
0.16-0.91; Table 2-1-2) over the conditions. 
 
2-1-4. Discussion 
 The purpose of this study was to examine the influence of the fascicle 
shortening velocity on the extent of increase in twitch torque. Although the conditioning 
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contraction intensity was not different among three conditions (Table 2-1-2), the extent 
of PAP was different among conditions. As the fascicle shortening velocity during 
twitch contractions increased, the extent of PAP also increased. These results, combined 
with the absence of a significant difference in the relative change of the M-wave 
amplitude measured in three conditions (Table 2-1-1), indicate that the extent of PAP is 
related to the shortening velocity of muscle fibers during twitch contractions. 
 The extent of PAP was larger in Pas-S than Isom or Pas-L. These results are in 
line with the report of Babault et al. (2008) where the extent of PAP was largest during 
the passive shortening condition. They also suggested that an eccentric contraction is 
not potentiated by a conditioning contraction unlike a concentric contraction based on 
the relationship between joint angular velocity and the extent of PAP. However, the type 
of muscle contraction (i.e., isometric, concentric, or eccentric) estimated from the 
change in joint angle, is not identical to the type of muscle fiber contraction due to the 
muscle-tendon interaction (Fukashiro et al. 1995, Ichinose et al. 2000). In fact, it is clear 
that even in Pas-L, the fascicle length shortened in the present study (Figure 2-1-4, 
2-1-5). Taking this result into account, we can assume that the extent of PAP is larger 
when muscle fibers shorten at a faster velocity as seen in Pas-S in this study. Thus the 
conclusion by Babault et al. (2008) that the extent of PAP was contraction-type 
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dependent (smaller in eccentric than in concentric contraction), might be due to the 
difference in shortening velocity of muscle fibers. 
 To understand why the extent of PAP was the largest in Pas-S, the mechanism 
of PAP is needed to be taken into account. As described earlier, an increase in twitch 
torque by a conditioning contraction is related to the MLCP induced by the conditioning 
contraction (MacInotosh et al. 2012). Once a myosin regulatory light chain is 
phosphorylated, actin-myosin interaction is facilitated, causing an increase in twitch 
torque (Sweeney et al. 1993). Thus, the effect of MLCP should be small when the 
actin-myosin interaction has already been sufficiently high without a conditioning 
contraction. Indeed, electrically-evoked maximal isometric force did not increase after 
the conditioning contraction (Vandenboom et al. 1993). Thus, if the actin-myosin 
interaction differs among various shortening velocity conditions, the extent of PAP 
should also be different. Piazzesi et al. (2007) reported that as the shortening velocity of 
muscle fibers increased, the number of attached cross bridges decreased. Therefore, 
facilitation of the actin-myosin interaction induced by the MLCP would have a stronger 
effect when muscle fibers shorten faster, thereby increasing the twitch torque. 
 The extent of PAP is affected by the muscle fiber length during a twitch 
contraction (Vandervoort et al. 1983). Thus, there is a possibility that the differences in 
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the extent of PAP in the current study could be caused by the difference in muscle fiber 
length rather than the difference in shortening velocity. In the current study, although the 
peak torque attained during twitch contraction occurred when ankle joint angle was 0 
deg in all twitch contractions, changes in fascicle length and joint angle were not 
necessarily identical (Fukashiro et al. 1995, Ichinose et al. 2000). Indeed, the fascicle 
length in Pas-L was shorter than in Pas-S. However, since the extent of PAP is known to 
be larger when the muscle fiber length is shorter (Vandervoort et al. 1983), the present 
result of the differences in the extent of PAP among the three conditions cannot be 
explained by the difference in the fascicle length because the extent of PAP was smaller 
when the fascicle length was shorter. 
 In summary, in the present study it was shown that the extent of PAP was 
affected by the shortening velocity of muscle fibers, being larger when the muscle fibers 
shorten faster. In addition, whether the effect of MLCP on the subsequent contraction is 
small or not in "eccentric contraction" should be confirmed by a further research.
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Table 2-2-1. Relative changes of M-wave amplitude before and after the conditioning 
contraction. Data are shown as means ± SDs. MG; medial gastrocnemius, LG; lateral 
gastrcnemius, SOL; soleus, Pas-L; passive lengthening condition, Isom; isometric 
condition, Pas-S; passive shortening condition. 
 
 
 
M-wave (Relative change)
Pas-L Isom Pas-S
MG 102.4 ± 6.4 101.3 ± 5.3 102.7 ± 4.4 
LG 100.8 ± 9.2 100.8 ± 9.1 100.7 ± 10.3 
SOL 104.0 ± 6.6 106.3 ± 11.1 106.8 ± 9.1 
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Table 2-1-2. Torque and RMSEMG during the conditioning contraction. Data are shown 
as means ± SDs. MG; medial gastrocnemius, LG; lateral gastrcnemius, SOL; soleus, 
TA; tibialis anterior, Pas-L; passive lengthening condition, Isom; isometric condition, 
Pas-S; passive shortening condition. 
 
 
Pas-L Isom Pas-S
Torque (Nm) 140.0 ± 26.8 142.4 ± 25.2 139.0 ± 26.2 
MG (mV) 0.25 ± 0.09 0.28 ± 0.11 0.25 ± 0.09 
LG (mV) 0.25 ± 0.09 0.25 ± 0.08 0.24 ± 0.11 
SOL (mV) 0.20 ± 0.07 0.21 ± 0.08 0.21 ± 0.08 
TA (mV) 0.04 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 
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Table 2-1-3. Mean fascicle length of medial gastrocnemius during twitch contractions. 
Data are shown as means ± SDs. Pas-L; passive lengthening condition, Isom; isometric 
condition, Pas-S; passive shortening condition. *: Significant difference compared with 
Pas-S (p < 0.05). 
Fascicle length (mm)
Pas-L Isom Pas-S
52.6 ± 7.0 58.8 ± 6.6 65.5 ± 8.3 *
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Figure 2-1-1. Typical example of fascicle length changes during twitch contractions 
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Figure 2-1-2. The extent of PAP in three conditions. Data are shown as means ± SDs. 
Pas-L; passive lengthening condition, Isom; isometric condition, Pas-S; passive 
shortening condition. *: Significant difference between conditions (p < 0.05). 
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Figure 2-1-3. Fascicle shortening velocity in three conditions. Data are shown as means 
± SDs. Pas-L; passive lengthening condition, Isom; isometric condition, Pas-S; passive 
shortening condition. *: Significant difference between conditions (p < 0.05). 
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Figure 2-1-4. Exemplary twitch torque and fascicle behavior during twitch contractions 
(N=1). Dotted lines indicate the waveform recorded before the conditioning contraction. 
Solid lines indicate the waveform recorded after the conditioning contraction. Pas-L; 
passive lengthening condition, Isom; isometric condition, Pas-S; passive shortening 
condition.
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Figure 2-1-5. Exemplary fascicle behavior during twitch contractions (N=1). Black 
squares indicate the fascicle behavior during twitch contraction elicited before the 
conditioning contraction. White circles indicate the fascicle behavior during twitch 
contraction elicited after the conditioning contraction. Pas-L; passive lengthening 
condition, Isom; isometric condition, Pas-S; passive shortening condition. 
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2-2. Influence of the joint angular velocity during the maximal voluntary 
concentric contraction 
 
2-2-1. Introduction 
 It has been under debate whether the conditioning contraction increases the 
force or torque generated by high-intensity contractions. Some studies reported that the 
electrically-evoked maximal isometric force was not increased by a conditioning 
contraction (Vandenboom et al. 1993; 1995; 1997) whereas others observed increases in 
the maximal voluntary concentric torque (Miyamoto et al. 2011; Fukutani et al. 2012). 
One of the possible reasons for this discrepancy is that the type of test contraction (i.e., 
isometric or concentric contractions) varied among these studies. In the previous studies 
reporting positive potentiation effects, concentric contractions at relatively fast joint 
angular velocities (180°/s in plantar flexion) were used for the test contraction 
(Miyamoto et al. 2011; Fukutani et al. 2012). Babault et al. (2008) reported that the 
extent of increase in twitch torque induced by conditioning contraction increased when 
the joint angular velocity during a twitch contraction (i.e., test contraction) increased, 
which indicates that the sensitivity to the MLCP is high when the joint angular velocity 
during the test contraction is high. The extent of increase in the force induced by 
 46 / 121 
 
conditioning contraction becomes smaller as the intensity of the test contraction 
increases (MacIntosh and Willis 2000). It is likely then that even the torque attained 
during a high-intensity contraction increases when the sensitivity to the MLCP is 
sufficiently high at, or higher than, a certain joint angular velocity. If so, there is 
possibility that the joint angular velocity adopted in previous studies (180°/s, Miyamoto 
et al. 2011; Fukutani et al. 2012) fell within that range and that, at an angular velocity 
that is well below it, the increase in the maximal voluntary concentric torque is smaller 
or negligible. In this study, therefore, we set fast and slow joint angular velocity 
contractions as the test contractions, and examined the influence of the joint angular 
velocity on the increase in the maximal voluntary concentric torque induced by the 
conditioning contraction. 
 
2-2-2. Methods 
Subjects 
 Twelve young adult men (age: 25.0 ± 2.3 years, height: 1.73 ± 0.05 m, body 
mass: 65.7 ± 5.9 kg) participated in this study. Each subject was a healthy undergraduate 
or graduate student who had not participated in a regular resistance training program. 
Each subject received explanation about the procedures of the experiment before 
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voluntarily participating in this study. This study was approved by the Ethics Committee 
on Human Research of Waseda University. During the day of experiment, the subjects 
did not take caffeine that is known to affect the extent of PAP (MacIntosh and Gardiner 
1987). 
 
Experimental setup 
 Plantar flexors were selected as the target muscles in this experiment because 
previous studies that reported an increase in the maximal voluntary concentric torque 
selected plantar flexors as the target muscles (Miyamoto et al. 2011; Fukutani et al. 
2012). Each subject lay on an isokinetic dynamometer (CON-TREX, CMV AG, 
Switzerland) with the right knee and hip joints fully extended. The right foot was tightly 
secured to the dynamometer’s footplate, and the right thigh was fixed to the 
dynamometer’s bench with a non-elastic strap to minimize unwanted movements. The 
center of rotation of the footplate and center of the ankle joint were aligned visually. 
During the isometric twitch and conditioning contractions, the ankle joint angle was set 
at 0° (anatomical position). The range of motion of the maximal voluntary concentric 
contraction was set from -15° (dorsiflexion) to 30° (plantar flexion) in the fast velocity 
condition and from -15° to -5° in the slow velocity condition to minimize the difference 
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of the contraction duration between the two velocity conditions. In a preliminary study, 
we confirmed that peak torque during the maximal voluntary concentric contraction in 
each velocity condition was recorded within these ranges of motion. EMG recoding and 
electrical stimulation protocols were in the same manner as Chapter 2-1. 
 
Protocol 
 First, isometric twitch contraction of the plantar flexors was elicited and the 
peak torque value was recorded as the isometric twitch torque with no potentiation. This 
procedure was repeated two times to confirm the reproducibility. Next, the subject 
performed a familiarization task before the main experiment. The familiarization task 
consisted of several repetitions of submaximal and three or more repetitions of maximal 
voluntary concentric contractions of the plantar flexors. After the completion of the 
familiarization task, the subject rested for more than 10 minutes to avoid the effect of 
PAP caused by the familiarization task on the main experiment. In the main experiment, 
the joint angular velocity of the maximal voluntary concentric contraction was set at 
30°/s and 180°/s (slow and fast conditions, respectively). The protocol of the main 
experiment is shown in Figure 1. First, an isometric twitch contraction was elicited to 
determine the extent of increase in isometric twitch torque as an index of the positive 
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effect of the conditioning contraction. After that, the subject was asked to perform 
three-consecutive maximal voluntary concentric contractions of the plantar flexors. To 
avoid the effect of PAP induced by three-consecutive maximal voluntary concentric 
contractions on the outcomes of the following trials, a rest time of approximately five 
minutes was allowed after the three-consecutive maximal voluntary concentric 
contractions. After confirming that the difference of the isometric twitch torque was 
within ±10% deviation compared to that with no potentiation, the subject performed the 
maximal voluntary isometric contraction of the plantar flexors for six seconds as a 
conditioning contraction. Immediately after the conditioning contraction (approximately 
three seconds later), an isometric twitch contraction was elicited and then 
(approximately five seconds later), three-consecutive maximal voluntary concentric 
contractions were performed at 30°/s or 180°/s. In addition, the isometric twitch 
contraction and the three-consecutive maximal voluntary concentric contractions were 
conducted one and five minutes after the conditioning contraction. Each velocity 
condition was separated by a rest period of more than 10 minutes to avoid the effect of 
PAP caused by the conditioning contraction and three-consecutive maximal voluntary 
concentric contractions on the next velocity condition. The second condition was 
performed after confirming that the difference of the isometric twitch torque was within 
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±10% deviation compared to that with no potentiation. The order of the two velocity 
conditions was randomized. 
 
Measurements 
 Peak torque attained during the isometric twitch contraction was adopted as the 
isometric twitch torque. The peak-to-peak amplitude of the M-wave during the 
isometric twitch contraction was taken as the M-wave amplitude. The contraction in 
which the highest peak torque was attained among the three-consecutive maximal 
voluntary concentric contractions was adopted for subsequent analyses. The peak torque 
attained during the maximal voluntary concentric contraction was recorded as the 
maximal voluntary concentric torque. The RMSEMG of each muscle was calculated over 
200 ms period in the middle of the maximal voluntary concentric contraction (from 100 
ms before to 100 ms after the instance of peak torque). A 20-Hz high-pass filter was 
used to minimize the effect of motion artifact on the RMSEMG value. Each parameter 
recorded three measurement points (i.e., immediately, one and five minutes after the 
conditioning contraction) was expressed as the value relative to that recorded before the 
conditioning contraction. Furthermore, the ankle joint angle when peak torque during 
the maximal voluntary concentric contraction occurred was measured. 
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 We confirmed the reproducibility of the isometric twitch torque between the 
two trials conducted at the beginning of the experiment and the maximal voluntary 
concentric torque among three-consecutive trials performed before the conditioning 
contraction in each velocity condition. For the isometric twitch torque, the coefficient of 
variance was 1.5 ± 1.2% and the intra-class correlation was 0.99. For the maximal 
voluntary concentric torque, the coefficient of variance was 5.6 ± 2.2% at 180°/s 
condition and 3.8 ± 2.6% at 30°/s condition. The intra-class correlation was 0.78 at 
180°/s condition and 0.92 at 30°/s condition. 
 
Statistics 
 Descriptive data are presented as means ± SDs. The isometric twitch torque, 
M-wave amplitude, maximal voluntary concentric torque, RMSEMG during the maximal 
voluntary concentric contraction and ankle joint angle when peak torque during the 
maximal voluntary concentric contraction occurred were tested by repeated-measures 
two-way ANOVA (time × velocity). If the interaction was significant, additional 
repeated-measures one-way ANOVAs with post-hoc Bonferroni’s test and paired t-test 
were used to examine the time-course changes in each velocity condition and the 
difference between the two velocity conditions, respectively. The level of significance 
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was set at p < 0.05. 
 
2-2-3. Results 
 For the isometric twitch torque, there was a significant main effect of time (F 
value = 138.874, p < 0.001) without the interaction of time and velocity (F value = 
2.623, p = 0.067) (Figure 2-2-2). Post-hoc tests revealed that the isometric twitch torque 
after the conditioning contraction at each measurement time was larger than that before 
the conditioning contraction (p < 0.001). Time-course changes of the isometric twitch 
torque were identical between the two velocity conditions.  
 For the maximal voluntary concentric torque, there was a significant interaction 
of time and velocity (F value = 3.343, p = 0.031) (Figure 2-2-3). Post-hoc tests revealed 
that the maximal voluntary concentric torque after the conditioning contraction in the 
fast velocity condition was significantly greater than that before the conditioning 
contraction (p = 0.003), whereas that in the slow velocity condition did not change (p > 
0.05). Moreover, the maximal voluntary concentric torque immediately after the 
conditioning contraction was significantly greater in the fast velocity condition than in 
the slow velocity condition (p = 0.005). 
 There was no significant interaction of time and velocity in the M-wave 
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amplitude of each muscle (F value = 0.405-0.549, p = 0.652-1.000), but the main effect 
of time was observed in the SOL (F value = 4.560, p = 0.009). The M-wave amplitude 
of the SOL immediately after the conditioning contraction was larger than that before 
the conditioning contraction (p < 0.001) (Table 2-2-1). The interaction of time and 
velocity (F value = 0.013-0.740, p = 0.536-0.998) and the main effects of the two 
factors (F value = 0.015-2.548, p = 0.073-0.906) were not significant in the RMSEMG of 
each muscle (Table 2-2-2). 
 For the ankle joint angle when peak torque during the maximal voluntary 
concentric contraction occurred, there were no significant interaction and main effects 
(F value = 0.34-2.114, p = 0.117-0.762) (Table 2-2-3).  
 
2-2-4. Discussion 
 There was an increase in the maximal voluntary concentric torque after a 
conditioning contraction in a fast but not in a slow velocity conditions. This result 
supports our hypothesis and indicates that the extent of increase in the maximal 
voluntary concentric torque at the given conditioning contraction is affected by the joint 
angular velocity during the maximal voluntary concentric contraction. 
 The isometric twitch torque elicited before each maximal voluntary concentric 
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contraction significantly increased to a similar extent in both velocity conditions. In 
addition, the time-course changes in isometric twitch torque were similar between the 
two velocity conditions. In our study, the change in isometric twitch torque was 
measured to represent the extent of the positive effect of the conditioning contraction. 
Since twitch contractions were elicited in a similar manner, that is, isometrically in both 
velocity conditions, the current results indicate that the extent of the positive effect of 
the conditioning contraction was not different between the two velocity conditions. 
Thus, the observed difference in the change of maximal voluntary concentric torque 
between the two velocity conditions should be due to the difference of the sensitivity to 
the positive effect of the conditioning contraction. 
 The extent of increase in muscle force induced by a conditioning contraction is 
smaller when the intensity of test contraction is higher (MacIntosh and Willis 2000), 
and the force attained during a high-intensity, electrically-evoked isometric contraction 
was not increased by a conditioning contraction (Vandenboom et al. 1993; 1995; 1997). 
The positive effect of a conditioning contraction is prominent when the interaction 
between actin and myosin is insufficient (Sweeney et al. 1993). The number of attached 
cross bridges is decreased as the shortening velocity of muscle fibers are increased 
(Piazzesi et al. 2007). These studies suggest that the positive effect is pronounced when 
 55 / 121 
 
the joint angular velocity is sufficiently high, like in the fast velocity condition in the 
present study, even though the test contraction is performed with the maximal 
voluntarily effort. On the other hand, it might be assumed that the aforementioned 
factors (i.e., contraction intensity and shortening velocity) could have depressed the 
increase in the maximal voluntary concentric torque in the slow velocity condition. This 
study cannot provide the “threshold” of joint angular velocity that divides “sufficiently 
high” and “critically slow”, but the result suggests that 180˚/s and 30˚/s fall in the 
former and the latter, respectively. 
 Difference in the stimulation frequency required for inducing the 
maximal-intensity contraction among different joint angular velocity conditions should 
also be a factor affecting the amount of increase in the maximal voluntary concentric 
torque. de Haan (1998) reported that in the isolated muscle fibers, the stimulation 
frequency required for inducing the maximal-intensity contraction at a given contraction 
velocities was higher in the order of fast shortening, slow shortening, and isometric 
contractions. In addition, the excitation level of the central nervous system may not be 
sufficiently high to induce the maximal-intensity contraction even during the maximal 
effort (Belanger and McComas 1981; Kent-Braun and Le Blanc 1996). Assuming that 
the capacity to activate muscle fibers does not increase dramatically as the joint angular 
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velocity increases, the stimulation frequency during a concentric contraction in the fast 
condition would be insufficient to induce the maximal-intensity contraction. This can be 
the reason for the increase in the concentric torque in this condition. It is likely that in 
the slow condition, such insufficiency was less apparent and there was smaller room for 
a further increase in the concentric torque.  
 We should discuss the influence of joint angle during the maximal voluntary 
contraction and M-wave amplitude, which can affect the change of the maximal 
voluntary concentric torque. For the first aspect, the joint angle at the instance of torque 
measurement during a test contraction affects the extent of PAP (Vandervoort et al. 
1983). In this study, the joint angle when peak torque during the maximal voluntary 
concentric contraction occurred was not different between the two velocity conditions. 
Thus, this factor should not affect the difference in the change of the maximal voluntary 
concentric torque between the two velocity conditions. For the second aspect, the 
amplitude of M-wave of the SOL increased after the conditioning contraction in both 
velocity conditions, which can affect the muscle force. However, the current result that 
the relative changes in M-wave and RMSEMG were identical between the two velocity 
conditions discards the possibility that the observed velocity-related difference in the 
magnitude of increase in the maximal voluntary concentric torque is due to the 
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influence of central or peripheral nervous system. 
 In conclusion, the extent of increase in the maximal voluntary concentric 
torque induced by the conditioning contraction is influenced by the joint angular 
velocity. The maximal voluntary concentric torque can be potentiated by the 
conditioning contraction when the joint angular velocity during the maximal voluntary 
concentric contraction is sufficiently high, and not when the velocity is critically slow.
 58 / 121 
 
Table 2-2-1. Changes in M-wave amplitude after the conditioning contraction (relative 
to the Pre values). Data are shown as means ± SDs. Pre; Before the conditioning 
contraction; Post: Immediately after the conditioning contraction, MG; Medial 
gastrocnemius, LG; Lateral gastrocnemius, SOL; Soleus. #: Significantly different (p < 
0.05) from Pre.  
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Table 2-2-2. Changes in RMSEMG amplitude during maximal voluntary concentric 
contraction after the conditioning contraction (relative to Pre values). Data are shown as 
means ± SDs. Pre; Before the conditioning contraction, Post; Immediately after the 
conditioning contraction, MG; Medial gastrocnemius, LG; Lateral gastrocnemius, SOL; 
Soleus, TA; Tibialis anterior. 
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Table 2-2-3. Ankle joint angle when peak torque during the maximal voluntary 
concentric contraction occurred. Data are shown as means ± SDs. Pre; Before the 
conditioning contraction, Post; Immediately after the conditioning contraction. 
 
  
Fast 8.7 ± 1.6 8.8 ± 2.2 9.3 ± 1.5 8.6 ± 2.1
Slow 8.2 ± 2.6 8.9 ± 2.1 9.2 ± 1.4 8.5 ± 2.4
Ankle joint angle (deg)
Pre Post 1min 5min
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Figure 2-2-1. Experimental protocol. Pre; Before the conditioning contraction, Post; 
Immediately after the conditioning contraction. 
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Figure 2-2-2. Relative changes of the isometric twitch torque after the conditioning 
contraction. Data are shown as means ± SDs. Pre; Before the conditioning contraction, 
Post; Immediately after the conditioning contraction. #: Significantly different (p < 
0.05) from Pre values in both conditions. 
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Figure 2-2-3. Relative changes of the maximal voluntary concentric torque after the 
conditioning contraction. Data are shown as means ± SDs. Pre; Before the conditioning 
contraction, Post; Immediately after the conditioning contraction. #: Significant 
difference (p < 0.05) from Pre value in the fast velocity condition. †: Significant 
difference (p < 0.05) between two conditions. 
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Chapter 3. Influence of the duration and intensity of the conditioning contraction 
on the extent of increase in the maximal voluntary concentric torque 
 
3-1. Influence of the duration of the conditioning contraction 
3-1-1. Introduction 
 Until now, the effect of a conditioning contraction has been examined by using 
isometric twitch contractions as a test contraction (O'Leary et al. 1997, Pääsuke et al. 
2000, Gossen et al. 2001). Recently, some studies reported that not only an isometric 
twitch torque but also the torque or power attained during the maximal voluntary 
concentric contraction were also increased by a conditioning contraction (Baudry and 
Duchateau 2007, Miyamoto et al. 2011). However, other studies reported inconsistent 
results (Gossen and sale 2000, Smith and Fry 2007). 
 One of the reason for the aforementioned discrepancy would be due to the 
difference of the conditioning contraction among studies. Because the extent of increase 
in isometric twitch torque is affected by the duration of the conditioning contraction 
(Vandervoort et al. 1983), whether the torque or power attained during the maximal 
voluntary concentric contraction increase or not would be related to the duration of the 
conditioning contraction. 
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 Furthermore, different from the twitch contraction, the maximal voluntary 
concentric contraction is affected by the neural activity of the central nervous system 
(Gandevia et al. 1996). Considering the fact that a conditioning contraction affects not 
only the contractility of muscle fibers but also the excitability of the motor neuron 
(Trimble and Harp 1998, Folland et al. 2008), the influence of the duration of the 
conditioning contraction on the subsequent maximal voluntary concentric contraction 
may be different compared with a twitch contraction. Therefore, the purpose of this 
study was to examine the influence of the duration of the conditioning contraction on 
the subsequent isometric twitch and maximal voluntary concentric torques. 
 
3-1-2. Methods 
Subjects 
 Nine male subjects (age: 22.6 ± 1.3 years, height: 1.72 ± 0.04 m, body mass: 
63.4 ± 4.6 kg, means ± SDs) volunteered for this study. Each subject was a healthy 
college or graduate student who did not participate regularly in any physical training 
programs. Each subject was given an explanation about the purpose and risks of this 
study and a written informed consent was obtained from all subjects. This study was 
approved by the Ethics Committee on Human Research of Waseda University. During 
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the day of experiment, the subjects did not ingest caffeine. 
 
Experimental setup 
 Prior to the main experiment, the preliminary experiment was conducted to 
determine the duration of the conditioning contraction. Nine male subjects (age: 26.9 ± 
4.7 years, height: 1.72 ± 0.05 m, body mass: 67.4 ± 8.0 kg, means ± SDs) performed 
each of 1, 2, 4, 6, 10, 14 and 20 seconds maximal voluntary isometric plantar flexions as 
a conditioning contraction. Before and after the conditioning contraction, the isometric 
twitch contraction was elicited to calculate the extent of increase in isometric twitch 
torque, i.e., extent of PAP. As a results, the extent of increase in isometric twitch torque 
was the largest in 14 seconds condition (not significantly different compared with 10 
and 20 seconds conditions). In addition, previous studies that reported the increase in 
torque or power attained during the maximal voluntary concentric contraction were 
adopted six seconds as the duration of the conditioning contraction (Baudry and 
Duchateau 2007, Miyamoto et al. 2011). Based on these facts, 6 and 14 seconds were 
adopted as the duration of the conditioning contraction. 
 Each subject was asked to lie down on the table of an isokinetic dynamometer 
(CON-TREX, CMV AG, Switzerland) with the right knee and hip joints fully extended. 
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The right foot was fixed to the dynamometer’s footplate, and the right thigh was fixed to 
the dynamometer’s bench using non-elastic straps in order to minimize unwanted 
movements. The center of the ankle joint of each subject was aligned with the center of 
rotation of the footplate. The angle of the ankle joint was set at 0 deg (anatomical 
position) during the isometric twitch and conditioning contractions. The range of motion 
of the ankle joint during concentric contractions was set from -15 deg (dorsiflexion) to 
30 deg (plantar flexion). 
 EMG signals were obtained from the MG, LG, SOL and TA of the right leg. 
Ag/AgCl electrodes were placed on muscle bellies of the MG, LG, and TA and on the 
medial aspect of the SOL. After shaving, abrasion and cleaning of the skin with alcohol, 
electrodes (11 mm diameter; Blue sensor, N-00-S, Ambu, Denmark) were placed on the 
surface of each muscle. The range of the band pass filter was 5-1000 Hz, and the gain of 
each channel was 1000 (MEG-6116-M, Nihon Kohden, Japan). We confirmed that the 
inter-electrode resistance was under 5 kΩ. A reference electrode was placed over the left 
lateral malleolus. EMG and torque data were recorded simultaneously using a 16-bit 
analog-to-digital converter (Power-lab/16SP, AD Instrument, Australia), at a sampling 
frequency of 4 kHz. 
 Stimulation protocol for inducing the isometric twitch contraction was in the 
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same manner as Chapter 2-2. 
 
Experimental design 
 First, an isometric twitch contraction was elicited and the peak torque during 
the isometric twitch contraction was adopted as the Pre isometric twitch torque. After 
that, subjects underwent several submaximal and maximal voluntary concentric 
contractions of plantar flexion as preliminary trials to become accustomed to the 
procedures of the main trial. After preliminary trials, subjects rested for more than 10 
minutes to avoid the effect of PAP caused by preliminary trials. Then, isometric twitch 
contraction was elicited to confirm that the difference of the isometric twitch torque was 
within 10% compared with the Pre isometric twitch torque. Next, subjects performed 
three-consecutive maximal voluntary concentric contractions. The highest torque among 
three-consecutive maximal voluntary concentric contractions was adopted as the Pre 
maximal voluntary concentric torque. After that, the maximal voluntary isometric 
plantar flexion for 6 or 14 seconds was performed as conditioning contractions. 
Immediately (five seconds) after each conditioning contraction, the isometric twitch 
contraction was elicited and three-consecutive maximal voluntary concentric 
contractions were performed. The values of torques recorded from these contractions 
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were adopted as the Post 6 seconds or Post 14 seconds values of isometric twitch and 
the maximal voluntary concentric torques, respectively. In addition, we set control 
condition (isometric twitch and three-consecutive maximal voluntary concentric 
contractions were conducted without the conditioning contraction). The value attained 
these contractions were adopted as the Control value of isometric twitch and the 
maximal voluntary concentric torques, respectively. Over 10 minutes was set among 
conditions as a rest time to avoid the effect of the conditioning contraction and 
three-consecutive maximal voluntary concentric contractions on the next condition. 
Three conditions (Control, 6 seconds and 14 seconds conditions) were conducted in 
random order. 
 
Measurements 
 The isometric twitch torque and M-wave amplitude during an isometric twitch 
contraction were determined as the peak value for the isometric twitch torque and the 
peak-to-peak amplitude for the M-wave, respectively. Of the three-consecutive maximal 
voluntary concentric contractions performed before and after the conditioning 
contraction, the one with the highest peak torque was adopted as the maximal voluntary 
concentric torque. The interval of measurement of RMSEMG was 250 ms. The onset of 
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measurement of the RMSEMG was the timing when the torque during maximal voluntary 
concentric contractions exceeded 7.5 Nm. Prior to the RMSEMG calculation, a 20-Hz 
high-pass filter was used to minimize the effect of motion artifact on the RMSEMG 
values. In preliminary experiments, the reproducibility of the maximal voluntary 
concentric torque for three-consecutive trials was calculated. The coefficient of 
variability and intra-class correlation for the maximal voluntary concentric torque were 
4.8% ± 2.9% and 0.86, respectively. 
 The mean value of torque and median frequency of EMG signals of MG, LG 
and SOL at the first and last one second periods during the conditioning contraction 
were calculated. Median frequency was calculated by fast Fourier transform with 
hamming window. Relative changes of these values between first and last one second 
periods were calculated by the following equation. 
Relative change (%) = (last value - first value) / first value × 100 
 
Statistics 
 Descriptive data are presented as means ± SDs. A one-way ANOVA with 
repeated measures was used to test the difference of the isometric twitch torque, 
M-wave amplitude, maximal voluntary concentric torque and RMSEMG during the 
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maximal voluntary concentric contraction among 4 conditions (Pre, Post 6 seconds, Post 
14 seconds and Control conditions). In addition, a paired t-test was used to examine the 
differences of the relative changes of the mean value of torque and median frequency of 
the EMG signals of MG, LG and SOL during the conditioning contraction between 6 
seconds and 14 seconds conditions. The level of significance was set at p < 0.05. 
 
3-1-3. Results 
 One-way ANOVA revealed a significant main effect of the isometric twitch 
torque (Figure 3-1-1). The isomeric twitch torque was significantly larger in Post 14 
seconds than in Post 6 seconds conditions. 
 The M-wave amplitude of MG and SOL did not different among conditions. 
However, that of LG was significantly larger in Post 14 seconds than in the other 
conditions (Table 3-1-1). 
 For the maximal voluntary concentric torque, significant main effect was found. 
Further analysis showed that the maximal voluntary concentric torque was larger in Post 
6 seconds than in the other conditions (Figure 3-1-2). 
 RMSEMG during the maximal voluntary concentric contraction in MG was 
lower in Post 14 seconds than in Pre and Control conditions. In addition, that in MG 
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was lower in Post 6 seconds than in Pre conditions (Table 3-1-2). Furthermore, that in 
SOL in Post 14 seconds condition was lower than that in Pre and Post 6 seconds 
conditions. 
 For relative changes of the mean value of torque and median frequency of the 
EMG signals of MG, LG and SOL during the conditioning contraction, the results of 
paired t-test showed that decrease in torque and that in median frequency in MG were 
larger in during 14 seconds than in during 6 seconds conditioning contractions (Figure 
3-1-3). 
 
3-1-4. Discussion 
 Although the isometric twitch torque was larger in Post 14 seconds than in the 
other conditions, the maximal voluntary concentric torque was larger in Post 6 seconds 
than in the other conditions. These results indicate that the influence of the duration of 
the conditioning contraction was different between an isometric twitch and the maximal 
voluntary concentric torque. 
 The large increase in the isometric twitch torque by the 14 seconds 
conditioning contraction should mean that the effect of MLCP was larger in 14 seconds 
than in 6 seconds conditioning contractions. Nevertheless, the increase in the maximal 
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voluntary concentric torque was not found in 14 seconds conditioning contraction. This 
may be caused by muscle fatigue induced by the conditioning contraction which cancels 
out the effect of MLCP (Rankin et al. 1988, Fowles and Green 2003, Rijkelijkhuizen et 
al. 2005). Because the effect of MLCP is small when the intensity of test contraction is 
high (MacIntosh and Willis 2000), the extent of increase in torque by the conditioning 
contraction should be smaller in the maximal voluntary concentric than in isometric 
twitch contractions. Actually, the extent of increase in isometric twitch torque was larger 
(about 60%) than that in the maximal voluntary concentric torque (about 10%) in the six 
seconds conditioning contraction. In this case, if we assume that muscle fatigue occurs 
by the conditioning contraction and decreases force-generating capability by 20%, the 
increase in the maximal voluntary concentric torque should be disappear and the 
increase in isometric twitch torque should still be found. Thus, the maximal voluntary 
concentric torque should be relatively susceptible to the effect of muscle fatigue 
compared with isometric twitch torque. Our results of larger decline in torque and 
median frequency of the MG during the conditioning contraction in 14 seconds than in 
6 seconds conditioning contractions (Figure 3-1-3) indicate that the extent of muscle 
fatigue was larger in 14 seconds conditioning contraction. Therefore, this large extent of 
muscle fatigue would be cancel out the effect of MLCP induced by the conditioning 
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contraction in 14 seconds conditioning contraction, which led no increase in the 
maximal voluntary concentric torque. 
 Furthermore, the maximal voluntary concentric torque is affected by the neural 
activity of central nervous system. On the other hand, the neural activity of central 
nervous system does not affect twitch torque because the twitch contraction is evoked 
by an artificial electrical stimulation not evoked by central neural drive. Thus, if the 
decline of central neural drive, i.e., central fatigue (Gandevia 2001, Gandevia and 
Taylor 2006) should occur by the conditioning contraction, the maximal voluntary 
concentric torque would decrease whereas twitch torque does not change. Considering 
that decrease in RMSEMG with unchanged M-wave indicates occurrence of central 
fatigue (Baudry et al. 2007, Millet et al. 2011), the extent of central fatigue was larger in 
14 seconds than in 6 seconds conditioning contraction from the results of large extent of 
decrease in RMSEMG of MG and SOL during the maximal voluntary concentric 
contraction with unchanged M-wave. Hence, this central fatigue which does not affect 
twitch torque should mask the effect of MLCP, and consequently, would lead no change 
in the maximal voluntary concentric torque although the extent of increase in isometric 
twitch torque was larger in 14 seconds than in 6 seconds conditioning contractions. 
 In summary, the influence of the duration of conditioning contraction is 
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different between isometric twitch and the maximal voluntary concentric torques. A 
maximal voluntary concentric contraction would be subjected to muscle fatigue because 
the influence of the effect of MLCP is relatively low compared to an isometric twitch 
contraction, and because the central fatigue induced by the conditioning contraction 
affects only the maximal voluntary concentric contraction not isometric twitch 
contraction.
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Table 3-1-1. M-wave during the isometric twitch contraction elicited before (Pre 
condition) and after the conditioning contraction (Control, Post 6 seconds and Post 14 
seconds conditions). Data are shown as means ± SDs. Pre; Before the conditioning 
contraction, Post; After the conditioning contraction, MG; Medial gastrocnemius, LG; 
Lateral gastrocnemius, SOL; Soleus. #: Significantly different (p < 0.05) from Pre, 
Control and Post 6 seconds conditions. 
 
 
#
Pre 6.30 ± 1.40 5.73 ± 2.75 6.98 ± 2.10
Control 6.14 ± 1.53 5.43 ± 2.83 7.12 ± 2.25
6s 5.55 ± 0.94 5.98 ± 3.19 7.35 ± 2.44
14s 5.61 ± 1.07 6.31 ± 2.74 7.53 ± 2.36
MG LG SOL
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Table 3-1-2. RMSEMG during the maximal voluntary concentric contraction performed 
before (Pre condition) and after the conditioning contraction (Control, Post 6 seconds 
and Post 14 seconds conditions). Data are shown as means ± SDs. Pre; Before the 
conditioning contraction, Post; After the conditioning contraction, MG; Medial 
gastrcnemius, LG; Lateral gastrcnemius, SOL; Soleus, TA; Tibialis anterior. #: 
Significantly different (p < 0.05) compared with Control condition, †: Significantly 
different (p < 0.05) compared with Pre condition, ‡: Significantly different (p < 0.05) 
compared with Pre condition. *: Significantly different (p < 0.05) compared with Post 6 
seconds condition. 
 
  
## †
‡
＊
Pre 0.45 ± 0.11 0.39 ± 0.11 0.33 ± 0.11 0.06 ± 0.03
Control 0.43 ± 0.12 0.36 ± 0.13 0.31 ± 0.09 0.05 ± 0.01
6s 0.40 ± 0.10 0.39 ± 0.15 0.32 ± 0.10 0.06 ± 0.01
14s 0.38 ± 0.11 0.37 ± 0.10 0.26 ± 0.06 0.05 ± 0.02
LG SOL TAMG
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Figure 3-1-1. Isometric twitch torque elicited before (Pre condition) and after the 
conditioning contraction (Control, Post 6 seconds and Post 14 seconds conditions). Data 
are shown as means ± SDs. Pre; Before the conditioning contraction, Post; After the 
conditioning contraction. #: Significant difference between conditions (p < 0.05).  
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Figure 3-1-2. Maximal voluntary concentric torque before (Pre) and after the 
conditioning contraction (Control, 6 seconds and 14 seconds conditions). Data are 
shown as means ± SDs. Pre; Before the conditioning contraction, Post; After the 
conditioning contraction. #: Significant difference between conditions (p < 0.05). 
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Figure 3-1-3. Relative changes in mean value of torque, median frequency of medial 
gastrocnemius (MG), that of lateral gastrocnemius (LG) and that of soleus (SOL) during 
conditioning contraction. Data are shown as means ± SDs. #: Significant difference 
between conditions (p < 0.05). 
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3-2. Influence of the intensity of the conditioning contraction 
3-2-1. Introduction 
 In Chapter 3-1, influence of the duration of the conditioning contraction on the 
subsequent isometric twitch and maximal voluntary concentric torques was examined, 
and as a result, the maximal voluntary concentric torque did not increase when the 
increase in isometric twitch torque was the largest (14 seconds conditioning contraction). 
One of the reasons for this result would be due to the influence of muscle fatigue 
induced by the conditioning contraction. Based on this finding, change of the extent of 
increase in the maximal voluntary concentric torque and that of isometric twitch torque 
may be different when intensity of the conditioning contraction is different due to 
muscle fatigue. 
 Therefore, the present study aimed to test the influence of the intensity of a 
conditioning contraction on the extent of increase in the maximal voluntary concentric 
torque and isometric twitch torque. We hypothesized that as the intensity of 
conditioning contraction increases, the extent of increase in the maximal voluntary 
concentric torque is saturated although that of isometric twitch torque increases 
continuously. 
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3-2-2. Methods 
Subjects 
 Twelve male subjects (age: 23.6 ± 2.5 years, height: 1.72 ± 0.04 m, body mass: 
64.0 ± 6.1 kg, means ± SDs) volunteered for this study. Each subject was a healthy 
college or graduate student who did not participate regularly in any physical training 
program. Each subject was given an explanation about the purpose and risks of this 
study and written informed consent was obtained from all subjects. This study was 
approved by the Ethics Committee on Human Research of Waseda University. During 
the day of experiment, the subjects did not ingest caffeine. 
 
Experimental setup 
 Torque measurement and electrical stimulation protocol were similar as 
Chapter 3-1, and EMG recording was in a similar fashion as Chapter 2-1 and 2-2. 
 
Experimental design 
 Two experimental sessions were designed to examine the effect of the intensity 
of the conditioning contraction on the subsequent isometric twitch and maximal 
voluntary concentric torques. The first session was designed to familiarize the subjects 
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with the protocol of this study. In the first session, each subject was asked to perform 
several maximal voluntary concentric contractions of plantar flexion to become familiar 
with the experimental procedure. The experimental setting of this torque measurement 
was the same as that of the second (main) session. Subjects who showed high 
reproducibility in the maximal voluntary concentric torque development (<10% of the 
coefficient of variance in three-consecutive trials that were same with the second 
session) were requested to participate in the second session. The interval between the 
first and second sessions was more than three days. Only data obtained in the second 
session were analyzed. 
 In the second session, the subjects underwent several submaximal and maximal 
voluntary concentric contractions of plantar flexion as preliminary trials to become 
accustomed to the procedures of the main trial. Immediately after the preliminary trials, 
the subjects were asked to perform the maximal voluntary isometric contraction 
(MVIC) twice, with the higher torque value being used as the representative score of 
100% MVIC. The subjects rested for more than 10 minutes to avoid the effect of PAP 
caused by the preliminary trials and two MVICs. In the main session, the intensity of 
the conditioning contraction was set at 40%, 60%, 80% or 100% MVIC of the plantar 
flexion. The order of the four conditions was randomized among the subjects, with the 
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duration of each conditioning contraction being six seconds. First, an isometric twitch 
contraction was elicited. After evoking the isometric twitch contraction, 
three-consecutive maximal voluntary concentric contractions were performed. Then, 
approximately five minutes of rest was given to minimize the effect of PAP induced by 
the three-consecutive maximal voluntary concentric contractions. Then, the subjects 
performed one of the four conditioning contractions. During the conditioning 
contraction, the torque signal was displayed to the subjects so that they could confirm 
the designated intensity. Immediately after (three seconds) the conditioning contraction, 
an isometric twitch contraction was elicited and three-consecutive maximal voluntary 
concentric contractions were performed. Each condition was separated by a rest period 
of over 10 minutes to avoid the effect of PAP caused by the conditioning contraction 
and three-consecutive maximal voluntary concentric contractions on the next condition. 
 
Measurements 
 The isometric twitch torque and M-wave amplitude during an isometric twitch 
contraction were determined as the peak value for isometric twitch torque and the 
peak-to-peak amplitude for the M-wave, respectively. Of the three-consecutive maximal 
voluntary concentric contractions performed before and after the conditioning 
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contraction, the one with the highest peak torque was adopted as the maximal voluntary 
concentric torque. The RMSEMG was computed from the EMG signals recorded over 
250 ms during maximal voluntary concentric contractions. Theoretically, it would take 
250 ms to complete the maximal voluntary concentric contraction in our setting (range 
of motion: 45 deg / angular velocity: 180 deg/s = 250 ms). However, because of the 
accelerating phase (before reaching the pre-set constant angular velocity of 180 deg/s), 
it could take more than 250 ms to complete the maximal voluntary concentric 
contraction. Indeed, we confirmed that no subject completed the maximal voluntary 
concentric contraction within 250 ms. In accordance with previous studies, the onset of 
this period was defined as the instant at which the torque signal exceeded 7.5 Nm 
(Aagaard et al. 2002; Bojsen-Møller et al. 2005). Prior to the RMSEMG calculation, a 
20-Hz high-pass filter was used to minimize the effect of motion artifact on the 
RMSEMG values. The isometric twitch torque, M-wave, maximal voluntary concentric 
torque and RMSEMG were determined before and after the conditioning contraction. 
 
Statistics 
 Descriptive data are presented as means ± SDs. A two-way ANOVA with 
repeated measures was used to test the effects of time (before and after the conditioning 
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contractions) and intensity (40%, 60%, 80%, and 100% MVIC) on isometric twitch 
torque, M-wave amplitude, maximal voluntary concentric torque and RMSEMG. If the 
interaction of time and intensity was significant, a one-way ANOVA with repeated 
measures and Bonferroni test were used to examine the difference between intensities. 
In addition, a paired t-test was used to examine the differences between before and after 
conditioning contractions. The level of significance was set at p < 0.05. 
 
3-2-3. Results 
 Two-way ANOVA revealed a significant interaction between time and intensity 
for isometric twitch torque. Additional analysis demonstrated that the isometric twitch 
torque increased after the conditioning contraction in comparison to that recorded 
before the conditioning contraction in each condition (p < 0.05). In addition, the 
isometric twitch torque measured after the conditioning contraction increased with the 
intensity of the conditioning contraction (p < 0.05) (Figure 3-2-2). 
 For maximal voluntary concentric torque, the two-way ANOVA revealed a 
significant interaction between time and intensity. Additional analysis showed that in 
comparison to the value measured before the conditioning contraction, maximal 
voluntary concentric torque increased after the conditioning contraction at 80% and 
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100% MVIC conditions (p < 0.05), with relative changes of 6.1% ± 5.5% and 7.4% ± 
6.8%, respectively. The maximal voluntary concentric torque after a conditioning 
contraction was significantly larger in the 100% MVIC than in the 40% MVIC 
conditions (p < 0.05) (Figure 3-2-3).  
 For the M-wave amplitudes of MG and LG, there were no significant 
interactions or main effects. However, the M-wave amplitude of the SOL demonstrated 
a significant main effect of time, with an increase after a conditioning contraction (p < 
0.05) (Table 3-2-1).  
 For the RMSEMG values, there was a significant interaction. Further analysis 
showed that the RMSEMG of MG decreased significantly (-9.3%) after conditioning 
contraction at 100% MVIC condition (p < 0.05). There were no significant time or 
intensity effects for LG and SOL (Table 3-2-2). 
 
3-2-4. Discussion 
 The present study showed that the extent of the increase in isometric twitch 
torque became larger as intensity of the conditioning contraction increased. On the other 
hand, maximal voluntary concentric torque increased only after the conditioning 
contraction at 80% and 100% MVIC, with the extent of the increase being the same in 
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both conditions. These results indicated that the effect of intensity of a conditioning 
contraction on subsequent torque development is different between isometric twitch and 
maximal voluntary concentric contractions. 
 The isometric twitch torque increased as the intensity of the conditioning 
contraction increased. During a low intensity contraction, fast-twitch muscle fibers are 
not recruited according to the size principle (Henneman et al. 1965). In addition, MLC 
phosphorylationis pronounced in fast-twitch fibers (Moore and Stull 1984). Thus, it is 
likely that as the intensity of the conditioning contraction increases, fast-twitch fibers 
should be recruited, which would lead the gradual increase in the extent of increase in 
isometric twitch torque with increasing intensity of the conditioning contraction. 
 On the other hand, maximal voluntary concentric torque only increased in the 
80% and 100% MVIC conditions. MacIntosh and Willis (2000) reported that as the 
intensity of the test contraction increased, the extent of increase in force by the 
conditioning contraction decreased. Thus, to increase the torque attained during the 
high-intensity contraction such as the maximal voluntary concentric contraction, marked 
MLCP would be required, which would be the reason for no increase in the maximal 
voluntary concentric torque in low-intensity conditioning contraction. 
 In addition, the extent of increase in the maximal voluntary concentric torque 
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was not different between 80% and 100% MVIC conditions although an isometric 
twitch torque increased. This may be related to the muscle fatigue that occurred at 100% 
MVIC condition. Muscle fatigue has two aspects; central and peripheral fatigue (Taylor 
et al. 2006). In the current study, the M-wave amplitude of MG was similar before and 
after the conditioning contraction, whereas RMSEMG of MG decreased after 
conditioning contraction at 100% MVIC condition. Considering that decrease in 
RMSEMG with unchanged M-wave indicates occurrence of central fatigue (Baudry et al. 
2007, Millet et al. 2011), the present results indicate that in comparison to the 80% 
MVIC condition, the conditioning contraction at 100% MVIC condition produced 
greater central fatigue. This central fatigue would have masked the larger effect of 
MLCP induced by the conditioning contraction at 100% MVIC compared with 80% 
MVIC conditions. 
 In summary, the effect of intensity of a conditioning contraction on the 
subsequent torque was different between isometric twitch and maximal voluntary 
concentric contractions. Different from isometric twitch torque, the maximal voluntary 
concentric torque increased only when the intensity of the conditioning contraction was 
80% MVIC or greater. These results suggest that the intensity of a conditioning 
contraction should be carefully set in order to achieve an increase in the maximal 
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voluntary concentric torque. 
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Table 3-2-1. M-wave amplitude during isometric twitch contraction measured before 
and after the conditioning contraction at four intensities. Data are shown as means ± 
SDs. MVIC; maximal voluntary isometric contraction. #: Significant difference (p < 
0.05) between before and after the conditioning contractions in each condition.  
 
 
Before 3.44 ± 1.86 3.88 ± 1.24 4.25 ± 1.94
After 3.43 ± 1.86 3.91 ± 1.27 4.67 ± 1.81
Before 3.38 ± 1.82 4.02 ± 1.32 4.23 ± 1.76
After 3.43 ± 1.66 4.15 ± 1.49 4.74 ± 1.73
Before 3.25 ± 1.73 3.90 ± 1.18 4.38 ± 1.67
After 3.24 ± 1.40 3.96 ± 1.16 4.62 ± 1.74
Before 3.27 ± 1.86 3.95 ± 1.27 4.15 ± 1.80
After 3.12 ± 1.38 3.88 ± 1.19 4.87 ± 1.88
M-wave (mV)
80%MVC
100%MVC
Medial gastrocnemius Lateral gastrocnemius Soleus
40%MVC
60%MVC
#
#
#
#
0 MVI
0 MVI
0 MVI
VI
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Table 3-3-2. RMSEMG values during maximal voluntary concentric contractions 
measured before and after the conditioning contraction at four intensities. Data are 
shown as means ± SDs. MVIC; maximal voluntary isometric contraction. #: Significant 
difference (p < 0.05) between before and after conditioning contraction at each 
condition. 
 
  
Before 0.234 ± 0.116 0.233 ± 0.080 0.181 ± 0.073 0.046 ± 0.009
After 0.237 ± 0.117 0.230 ± 0.078 0.187 ± 0.072 0.045 ± 0.008
Before 0.224 ± 0.117 0.220 ± 0.072 0.174 ± 0.056 0.044 ± 0.009
After 0.218 ± 0.112 0.215 ± 0.060 0.179 ± 0.074 0.043 ± 0.010
Before 0.237 ± 0.120 0.221 ± 0.072 0.181 ± 0.074 0.046 ± 0.013
After 0.232 ± 0.116 0.210 ± 0.064 0.182 ± 0.076 0.045 ± 0.009
Before 0.234 ± 0.115 0.225 ± 0.075 0.179 ± 0.064 0.046 ± 0.009
After 0.212 ± 0.114 0.215 ± 0.075 0.168 ± 0.061 0.048 ± 0.021
40%MVC
60%MVC
80%MVC
100%MVC
RMSEMG (mV)
Medial gastrocnemius Lateral gastrocnemius Soleus Tibialis anterior
#I
0 VI
VI
VI
 93 / 121 
 
 
Figure 3-2-1. Experimental setting. EMG; electromyogram. 
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Figure 3-2-2. Isometric twitch torque measured before (filled bars) and after (blank 
bars) conditioning contraction at four intensities. Data are shown as means ± SDs. 
MVIC; maximal voluntary isometric contraction. Significant difference (p < 0.05) 
between before and after conditioning contractions at each condition. $: Significant 
difference (p < 0.05) between intensities after the conditioning contraction. 
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Figure 3-2-3. Maximal voluntary concentric torque measured before (filled bar) and 
after (blank bar) conditioning contraction at various intensities. Data are shown as 
means ± SDs. MVIC; maximal voluntary isometric contraction. #: Significant difference 
(p < 0.05) between before and after conditioning contractions at each condition. $: 
Significant difference (p < 0.05) between intensities after conditioning contraction. 
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Chapter 4. General Discussion 
 In this chapter, the main findings of each chapter are summarized, and factors 
that affect the increase in the maximal voluntary torque induced by the conditioning 
contraction are discussed. Furthermore, applicability of the conditioning contraction to 
the sport performances is discussed. Finally, conclusion of this thesis is stated. 
  
4-1. Main findings of each chapter  
 Main findings of each chapter are summarized as follows. 
 
Chapter 2 
 The extent of increase in twitch torque induced by a given conditioning 
contraction was larger when shortening velocity of muscle fibers during the subsequent 
twitch contraction was faster (Chapter 2-1). This shortening velocity-related 
potentiation effect was also confirmed in the case of the maximal voluntary concentric 
contraction with significant increase in the maximal voluntary concentric torque only in 
the high joint angular velocity condition (Chapter 2-2). These results indicate that the 
extent of increase in torque induced by conditioning contraction is related to the 
shortening velocity of muscle fibers during a test contraction. 
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Chapter 3 
 The influence of the duration and intensity of conditioning contraction on the 
extent of increase in torque was different between isometric twitch and the maximal 
voluntary concentric torque. With increase in duration (Chapter 3-1) and intensity 
(Chapter 3-2) of the conditioning contraction, the extent of increase in the maximal 
voluntary concentric torque decreased or did not change although the extent of increase 
in isometric twitch torque became larger. The reason for this result would stem from 
muscle fatigue induced by a conditioning contraction because the maximal voluntary 
concentric contraction should be subjected to muscle fatigue compared to an isometric 
twitch contraction. 
 
4-2. Factors that affect the increase in the maximal voluntary torque induced by 
the conditioning contraction 
 Taken into account of the result of Chapter 2, potentiation effect induced by a 
conditioning contraction should be large when muscle contracts faster during test 
contractions. Because the maximal voluntary contraction is considered as a 
high-intensity contraction different from twitch contraction, potentiation effect induced 
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by a conditioning contraction is not remarkable for the maximal voluntary contraction 
due to contraction-intensity dependent of the PAP (MacIntosh and Willis 2000). Thus, to 
increase the maximal voluntary torque by a conditioning contraction, higher joint 
angular velocity should be selected as a test contraction. 
 Shortening velocity-dependent of the PAP would also explain the result of the 
MacIntosh et al. (2008) that the effect of MLCP on the concentric test contraction was 
larger in 400 Hz-quadruplets (high-intensity condition) than 200 Hz-doublets 
(low-intensity condition) conditions. This result was surprising because the effect of 
MLCP has known to be small when the intensity of the test contraction is high (Sale, 
2002, Baudry et al. 2005). This result was possibly related to the shortening velocity. 
Because MacIntosh et al. (2008) adopted the same load in their experiments, shortening 
velocity was larger in 400 Hz-quadruplet than 200 Hz-doublet conditions. This larger 
shortening velocity of muscle fibers may counteract the contraction intensity-dependent 
of the effect of MLCP, and consequently, a larger potentiation occurred in 400 
Hz-quadruplets than in 200 Hz-doublets conditions due to larger shortening velocity in 
400 Hz-quadruplets condition. 
 The parameters related to the conditioning contraction such as duration or 
intensity are also important factors to increase maximal voluntary torque by 
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conditioning contraction. Although the effect of duration and intensity of the 
conditioning contraction on the increase in twitch torque has been examined, 
(Vandervoort et al. 1983, Baudry and Duchateau 2004, Requena et al. 2008), these 
effects on the maximal voluntary torque has not been examined. We examined these 
effects and confirmed that the influence of the duration and intensity of conditioning 
contraction was different between isometric twitch and the maximal voluntary 
concentric contractions (Chapter 3-1, 3-2). Thus, the influence of the conditioning 
contraction on the maximal voluntary concentric contraction should be considered 
separately from that on a twitch contraction. Unlike a twitch contraction, a voluntary 
contraction is affected by central fatigue (Gandevia 2001, Taylor and Gandevia 2008) 
induced by a conditioning contraction, which counteracts the effect of MLCP. Indeed, 
the studies reporting the increase in the maximal voluntary concentric torque adopted 
the conditioning contraction for a relatively short duration (Miyamoto et al. 2011; 6 
seconds, Fukutani et al. 2012; 6 seconds, respectively) compared to the studies that 
reported no increase (Gossen and Sale 2000; 10 seconds, Smith and Fry 2007; 10 
seconds). Therefore, the conditioning contraction should be performed in a situation in 
which central fatigue induced by conditioning contraction can be minimized for 
increasing the maximal voluntary torque. 
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 Moreover, the effect of peripheral fatigue should be considered. Peripheral 
fatigue affects both twitch and the maximal voluntary concentric contractions. However, 
because the extent of increase in the maximal voluntary concentric torque induced by 
the conditioning contraction was much smaller than the corresponding increase in 
twitch torque (Chapter 3-1, 3-2), the effect of peripheral fatigue should be relatively 
large in the maximal voluntary contraction. The subject with predominance of 
fast-twitch fibers should not, therefore, necessarily show a larger increase in the 
maximal voluntary concentric torque. The subjects with predominance of fast-twitch 
fibers showed a large increase in twitch torque induced by the conditioning contraction 
(Hamada et al. 2000). However, the subjects with predominance of fast-twitch fibers are 
also subject to muscle fatigue (Burke et al. 1975). Based on the aforementioned idea, we 
confirmed that the extent of increase in the maximal voluntary concentric torque 
induced by the conditioning contraction did not occur in elbow extensors but in plantar 
flexors (Figure 4-3) although elbow extensors should contain a larger extent of 
fast-twitch fibers than plantar flexors (Johnson et al. 1973). On the basis of this finding, 
the subjects who have resistance to muscle fatigue would obtain considerable benefits 
from the conditioning contraction in the case of the maximal voluntary concentric 
contraction. 
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4-3. Applicability of the conditioning contraction to the sport performances 
 From the data described in Chapter 2, dynamic movements with large joint 
angular velocity such as sprint or vertical jump with maximal effort may be enhanced 
by a conditioning contraction. Our preliminary data have shown that squat exercises 
with high-intensity (3 repetitions with 75% load with respect to 1 repetition maximum 
(RM) load condition or 3 repetitions with 90% load with respect to 1 RM load 
condition) increased the height of vertical jump. Moreover, the extent of increase in the 
vertical jump height was larger in the 90% load than 75% load conditions. We 
simultaneously measured the extent of increase in isometric twitch torque which is the 
index of the extent of potentiation effect induced by the squat exercises and confirmed 
that larger potentiation effect occurred in 90% load condition (Figure 4-2, 4-3). Because 
the extent of increase in vertical jump height was larger when the extent of increase in 
isometric twitch torque was larger, this enhancement of jump performances would be 
due to the effect of conditioning contraction. Generally, it is common to select a low or 
moderate intensity exercises as a warming up because high or maximal intensity 
exercises can lead to muscle fatigue thereby deteriorating sport performances. However, 
high intensity warming up has not only negative but also positive effects on the 
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subsequent contraction, the latter was shown in this thesis as PAP. Thus, implementing a 
high intensity exercise as a warming up may be potentially useful for athletes. For 
example, high intensity squat exercises may be added to a routine program to weight 
lifters, due to the positive effect of the squat exercises as a conditioning contraction. 
Applicability of the present findings to sports fields should be a future research topic. 
 
4-4. Conclusion of the thesis 
 The main purpose of this thesis was to examine whether the torque attained 
during the maximal voluntary contraction can be increased by a conditioning 
contraction, and to evaluate the optimal condition required to increase the torque 
attained during the maximal voluntary contraction. To this end, the influence of the 
shortening velocity of muscle fibers during a contraction for examining the effect of 
conditioning contraction and influence of the duration and intensity of the conditioning 
contraction on the subsequent maximal voluntary concentric torque were examined. The 
main findings are described below. 
 First, the torque attained during high joint angular velocity contraction can be 
increased even in the high-intensity contraction. This finding can explain the 
inconsistency about whether a conditioning contraction increases force or torque during 
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the high-intensity contraction among previous studies. 
 Second, the influence of the duration and intensity of the conditioning 
contraction was different between isometric twitch and the maximal voluntary 
concentric torque because the maximal voluntary concentric contraction would be 
subjected to the effect of muscle fatigue induced by the conditioning contraction. This 
result suggests that increase in torque attained during the maximal voluntary concentric 
contraction would occur after performing a conditioning contraction with optimal 
condition in which muscle fatigue can be suppressed. 
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Figure 4-1. The relative change in the maximal voluntary concentric torque between 
plantar flexion and elbow extension induced by the conditioning contraction 
(Unpublished data). Data are shown as means ± SDs. Pre; Before the conditioning 
contraction. Post; After the conditioning contraction. #: Significantly different (p < 0.05) 
from Pre. $: Significantly different (p < 0.05) between muscles.  
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Figure 4-2. The jump height before and after squat exercises in the Heavy weight (90% 
one repetition maximum (1RM) × 3 repetitions (reps) ) and Light weight (75% 1RM × 3 
reps) conditions (Unpublished data). # indicates a significant difference (p < 0.05). Pre: 
before squat exercises. Post: after squat exercises. 
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Figure 4-3. The isometric twitch torque before and after squat exercises in the Heavy 
weight (90% one repetition maximum (1RM) × 3 repetitions (reps) ) and Light weight 
(75% 1RM × 3 reps) conditions (Unpublished data). # indicates a significant difference 
(p < 0.05). Pre: before squat exercises. Post: after squat exercises. 
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